
MOLECULAR AND CELLULAR BIOLOGY, July 2004, p. 6456–6466 Vol. 24, No. 14
0270-7306/04/$08.00�0 DOI: 10.1128/MCB.24.14.6456–6466.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Insulin Increases Cell Surface GLUT4 Levels by Dose Dependently
Discharging GLUT4 into a Cell Surface Recycling Pathway†
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The insulin-responsive glucose transporter GLUT4 plays an essential role in glucose homeostasis. A novel
assay was used to study GLUT4 trafficking in 3T3-L1 fibroblasts/preadipocytes and adipocytes. Whereas
insulin stimulated GLUT4 translocation to the plasma membrane in both cell types, in nonstimulated fibro-
blasts GLUT4 readily cycled between endosomes and the plasma membrane, while this was not the case in
adipocytes. This efficient retention in basal adipocytes was mediated in part by a C-terminal targeting motif in
GLUT4. Insulin caused a sevenfold increase in the amount of GLUT4 molecules present in a trafficking cycle
that included the plasma membrane. Strikingly, the magnitude of this increase correlated with the insulin dose,
indicating that the insulin-induced appearance of GLUT4 at the plasma membrane cannot be explained solely
by a kinetic change in the recycling of a fixed intracellular GLUT4 pool. These data are consistent with a model
in which GLUT4 is present in a storage compartment, from where it is released in a graded or quantal manner
upon insulin stimulation and in which released GLUT4 continuously cycles between intracellular compart-
ments and the cell surface independently of the nonreleased pool.

There are at least 12 facilitative sugar transporters in mam-
mals. Glucose transporter 4 (GLUT4) plays an important role
in regulated glucose transport, as is observed in the postpran-
dial state and during exercise. GLUT4 is highly expressed in
cell types that exhibit regulated glucose uptake, such as adipo-
cytes, skeletal muscle cells, and cardiomyocytes. The intracellular
trafficking of GLUT4 is a major determinant of its acute regula-
tion (4). In the basal nonstimulated state, GLUT4 is present in an
intracellular tubulovesicular compartment, from which it under-
goes insulin-dependent movement to the cell surface, resulting in
a 10- to 20-fold increase in cell surface GLUT4 levels.

There are two major questions concerning the trafficking of
GLUT4 in insulin-responsive cell types. What is the nature of
the intracellular insulin-sensitive GLUT4 storage compart-
ment, and how does insulin provoke the release of GLUT4
from this site to the cell surface? Two models that address
these questions have been proposed. In the first, GLUT4 is
targeted to a specialized (nonendosomal) secretory compart-
ment that undergoes regulated exocytosis in response to insu-
lin stimulation. The second suggests that GLUT4 is retained
within endosomal or endosome-associated structures and that
insulin overcomes this retention mechanism, releasing GLUT4
into recycling vesicles. In addition, adaptations of these models

can be envisaged, while they also do not necessarily need to be
exclusive.

In evaluating GLUT4 trafficking data, it is important to
recognize the cell type under investigation. For example, many
experiments have been conducted in CHO cells or 3T3-L1
fibroblasts, in which GLUT4 is not expressed endogenously. In
these cell types, exogenous GLUT4 colocalizes with endoso-
mal markers, such as the transferrin receptor, but recycles
more slowly than the transferrin receptor and undergoes
modest insulin-dependent movement to the cell surface (10,
11). In contrast, in bona fide insulin target cells such as
muscle cells and adipocytes, a significant portion of intra-
cellular GLUT4 (�50%) is excluded from endosomes (15,
35). Because the magnitude of the insulin response in these
cells tends to be larger than CHO cells and 3T3-L1 fibro-
blasts, this nonendosomal compartment may represent a
specialized secretory pool.

An alternative view is that the nonendosomal GLUT4 pool
is represented by the trans-Golgi network (TGN) and vesicles
that recycle between endosomes and the TGN. Several obser-
vations point to a role for the TGN in GLUT4 trafficking.
Morphological studies show that a significant proportion of
GLUT4 is clustered in the TGN area (22, 29). The TGN
adaptor protein AP-1 associates with GLUT4-containing ves-
icles in vivo and in vitro (7, 18). Other proteins that localize to
the TGN or recycle between endosomes and the TGN are
enriched in GLUT4-containing membranes, including the cat-
ion-dependent mannose 6-phosphate receptor, syntaxin 6, and
syntaxin 16 (23, 28). In addition, the insulin-responsive amino-
peptidase, whose trafficking closely resembles that of GLUT4,
traverses the TGN after internalization from the plasma mem-
brane (PM) as measured by resialylation after neuraminidase
treatment (28). Intriguingly, there is very little overlap between
GLUT4 and the TGN marker TGN38 (19, 28), indicating that
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GLUT4 may be localized to a subcompartment of the TGN.
Such a trafficking pathway could result in enhanced insulin
responsiveness indirectly by sequestering GLUT4 in the ab-
sence of insulin.

In the present study, we examined various aspects of GLUT4
trafficking in 3T3-L1 fibroblasts/preadipocytes and adipocytes
with a novel technique that allows kinetic and quantitative
analysis. These studies show that the intracellular sequestra-
tion of GLUT4 in adipocytes is regulated by two mechanisms
involving retention in endosomes and an intracellular cycle

between endosomes and a nonendosomal compartment. We
studied a GLUT4 mutant that does not enter the intracellular
cycle in adipocytes as well as 3T3-L1 fibroblasts, in which
GLUT4 is only retained in endosomes. In these cases, under
basal conditions, we found higher levels of GLUT4 in the
plasma membrane recycling pathway compared with wild-type
GLUT4 in adipocytes. Nevertheless, there was a robust insulin
responsiveness. These observations point to an important role
for endosomes in insulin action. Moreover, insulin induces the
release of GLUT4 into the cell surface recycling system in a

FIG. 1. Characterization of GLUT4 mutants. (A) Schematic representation of HA-tagged wild-type GLUT4 (WT), GLUT4 Tail mutant,
GLUT4 L489,490A, and GLUT4 F5A. (B) 3T3-L1 adipocytes expressing HA-tagged wild-type GLUT4 were immunolabeled with anti-HA and
anti-GLUT4 for the detection of HA-GLUT4 and total cellular GLUT4 content, respectively. Arrow indicates a cell that does not express
HA-GLUT4. Bar, 30 �m. (C) 3T3-L1 fibroblasts (F) and 3T3-L1 adipocytes (A) expressing the indicated HA-tagged GLUT4 molecules were lysed,
and equal amounts of protein were analyzed by Western blotting with the indicated antibodies. The syntaxin 4 immunoblot serves as an internal
control. (D) The blots in C were analyzed as described in Materials and Methods, and GLUT4 overexpression was compared to endogenous
GLUT4 expression in noninfected adipocytes. The anti-HA immunoblot was used to determine the relative expression of GLUT Tail, as this
molecule is not recognized by the anti-GLUT4 antibody. (E) Nonstimulated 3T3-L1 fibroblasts and adipocytes expressing the indicated HA-
GLUT4 molecules were immunolabeled with anti-HA. Bar, 10 �m.
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graded insulin dose-dependent manner, providing new insights
into the nature of insulin action.

MATERIALS AND METHODS

Materials. 3T3-L1 murine fibroblasts were obtained from the American Type
Culture Collection, Rockville, Md. Newborn calf serum and Dulbecco’s modified
Eagle’s medium (DMEM) were from Invitrogen (Carlsbad, Calif.), fetal bovine
serum was from Trace Scientific (Melbourne, Australia), insulin was from Cal-
biochem (San Diego, Calif.), and 3-isobutyl-1-methylxanthine, biotin, dexameth-
asone, and murine immunoglobulin G1-� MOPC21 antibody from Sigma (St.
Louis, Mo.). Normal swine serum was obtained from Dako Corporation (Carpin-
teria, Calif.). Anti-GLUT4 antibody, raised against its 12 C-terminal residues,
and anti-syntaxin 4 antibody have been described previously (20, 27, 28). Mono-
clonal anti-HA antibody was obtained from Covance (Berkeley, Calif.), and
fluorescent antibodies were from Molecular Probes (Leiden, The Netherlands).
pCIS2/HA-GLUT4 plasmid was kindly provided by Michael Quon (21).

Cell culture. 3T3-L1 fibroblasts up to passage 20 were cultured in high-glucose
DMEM supplemented with 10% heat-inactivated newborn calf serum at 37°C in
5% CO2. For differentiation into adipocytes, fibroblasts were cultured in DMEM
with newborn calf serum for 1 or 2 days postconfluence, after which the cells were
cultured for 3 days in DMEM containing 10% heat-inactivated fetal bovine
serum, 350 nM insulin, 0.5 mM 3-isobutyl-1-methylxanthine, 250 nM dexameth-
asone, and 400 nM biotin and for 3 days in DMEM containing 10% fetal bovine
serum and 350 nM insulin. After differentiation, adipocytes were maintained in
DMEM supplemented with 10% fetal bovine serum. Adipocytes were used for
experiments 8 to 11 days after the onset of differentiation, and the medium was
renewed 2 or 3 days prior to each experiment. For culturing in black clear-bottom
gelatin-coated 96-well plates, cells were seeded at a 1:1 cell surface ratio, and
differentiation was initiated 4 days postseeding. To express hemagglutinin (HA)-
GLUT4 in fibroblasts and adipocytes, fibroblasts were infected with retrovirus as
described previously (28) and differentiated into adipocytes as described above.

Fluorescence assays. Cells were grown in black clear-bottom 96-well plates as
described above and starved for 2 h in serum-free DMEM supplemented with
0.2% bovine serum albumin before starting the experiment. Cells were main-
tained in serum- and bicarbonate-free DMEM containing 20 mM HEPES (pH
7.4) and 0.2% bovine serum albumin throughout the experiments. Experiments
were performed in a 37°C water bath. All postfixation incubations were per-
formed at room temperature. Four wells within a 96-well plate were used for
every measurement. Within each experiment, two plates were incubated identi-
cally, and every experiment was performed at least twice (ranging from two to
five times), resulting in at least four analyses per study. There was little variation
between experiments. Representative experiments are shown. Error bars indi-
cate standard deviations.

Translocation assay. Insulin was added at different time points, after which the
cells were fixed for 15 min on ice and for 15 min at room temperature in 3%
formaldehyde. After quenching for 5 min with 50 mM glycine, cells were incu-
bated for 20 min with 5% normal swine serum in the absence or presence of 0.1%
saponin to analyze the amount of GLUT4 at the PM or the total cellular GLUT4
content, respectively. Cells were incubated for 60 min with a saturating concen-
tration of either an antibody directed against the HA tag (mouse immunoglob-
ulin G1-� subtype, 25 �g/ml) or a control nonrelevant antibody (mouse immu-
noglobulin G1-� MOPC21; 25 �g/ml) in phosphate-buffered saline containing
2% normal swine serum. After extensive washing, the cells were incubated for 20
min with 5% normal swine serum in the presence or absence of 0.1% saponin to
permeabilize all cells so that the background labeling of the secondary antibody
was similar for all wells. Cells were incubated for 60 min with saturating con-
centrations of Alexa 488-conjugated goat anti-mouse antibody (20 �g/ml) and
Alexa 594-conjugated wheat germ agglutinin (10 �g/ml) in phosphate-buffered
saline containing 2% normal swine serum. After washing, fluorescence (emm 485
nm/exc 520 nm and emm 544 nm/exc 630 nm) was measured with the bottom-
reading mode in a fluorescence microtiter plate reader (FLUOstar Galaxy; BMG
Labtechnologies, Offenburg, Germany). The percentage of GLUT4 at the PM
was calculated for each condition. Alexa 594-wheat germ agglutinin fluorescence
was used to correct for variation in cell density in each well.

Internalization assay. For single-cycle internalization experiments, cells were
stimulated for 20 min with 200 nM insulin after starvation and washed on ice with
ice-cold DMEM containing 20 mM HEPES (pH 7.4) and 0.2% bovine serum
albumin. Cells were incubated with 100 nM wortmannin or 200 nM insulin and
either anti-HA (25 �g/ml) or nonrelevant antibody (MOPC21) in DMEM-
HEPES-bovine serum albumin for 1 h on ice. Wortmannin was added to abolish
insulin signaling. This drug has no direct effect on GLUT4 internalization in
adipocytes (16) and has previously been used to study GLUT4 internalization (1,

33). Cells were washed extensively, after which either 100 nM wortmannin or 200
nM insulin in DMEM-HEPES-bovine serum albumin was added. The plate was
then transferred to 37°C, and at different times, formaldehyde was added to the
wells to a concentration of 3%. After 5 min, the formaldehyde was quenched.
The cells were incubated for 20 min with 5% normal swine serum in the absence
of saponin, labeled with Alexa 488-conjugated goat anti-mouse antibody and
Alexa 594-conjugated wheat germ agglutinin, washed, and analyzed as described
above.

Recycling assay. For continuous antibody uptake experiments, cells were in-
cubated for 20 min with or without 200 nM insulin, after which anti-HA or
nonrelevant antibody was added (50 �g/ml). The incubation was continued in the
presence or absence of insulin for various time periods. Cells that were used to
determine the total amount of HA-GLUT4 were not incubated with antibody
during this 37°C incubation. After incubation, the cells were fixed and quenched
as described above and incubated for 20 min with 5% normal swine serum and
0.1% saponin. Cells that were used to determine the total cellular amount of
HA-GLUT4 were incubated for 60 min with anti-HA antibody or control anti-
body in phosphate-buffered saline containing 2% normal swine serum. All other
cells were incubated with 2% normal swine serum without antibody. Subse-
quently, the cells were incubated with Alexa 488-conjugated goat anti-mouse
antibody and Alexa 594-conjugated wheat germ agglutinin, washed, and ana-
lyzed. The amount of specific anti-HA uptake was expressed as a percentage of
total cellular immunoreactive HA-GLUT4. Note that the increase in label at
early time points represents binding of antibody to GLUT4 molecules that are
already present at the PM as well as binding to GLUT4 molecules that become
incorporated in the PM after the addition of antibody. Therefore, the initial
increases in fluorescence do not represent initial GLUT4 trafficking rates. Due to
the limited number of conditions that could be analyzed on a single 96-well plate,
the 6-h time points of the recycling studies in which different insulin concentra-
tions were tested are derived from distinct experiments (see Fig. 7).

Immunofluorescence microscopy. Cells were immunolabeled essentially as
described above. For visualization of fat droplets, 1 �g of Nile red per ml was
added during the secondary antibody incubation. Fluorescent immunolabel was
visualized with a Leica confocal laser scanning microscope.

Immunoblotting. Confluent 3T3-L1 fibroblasts and 3T3-L1 adipocytes at day 8
of differentiation were serum starved for 2 h and lysed in phosphate-buffered
saline containing 1% Triton X-100, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 �g of aprotinin per ml, and 10 �g of leupeptin per ml. Equal amounts
of protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane.
Membranes were incubated with the indicated antibodies. Horseradish peroxi-
dase-conjugated secondary antibodies were visualized with ECL reagent (Pierce,
Rockford, Ill.) and a 16-bit camera-based imager (VersaDoc 5000; Bio-Rad,
Regents Park, Australia). For quantitation, a serial dilution of a control sample
was run on the same SDS-PAGE gel, and Quantity One software (Bio-Rad) was
used for analysis. An anti-HA immunoblot was used to determine the relative
expression of GLUT4 Tail, as this GLUT4 molecule was not recognized by the
anti-GLUT4 antibody.

RESULTS

A novel assay was developed to analyze the intracellular
trafficking of GLUT4. This assay was based on the retroviral
expression of GLUT4 with an HA epitope tag in its first exo-
facial loop (21). To characterize the trafficking itinerary of
GLUT4 in detail, three GLUT4 mutants were included in the
studies described here: GLUT4 Tail, GLUT4 L489,490A, and
GLUT4 F5A (Fig. 1A). The GLUT4 Tail mutant, in which the
C-terminal 12 amino acid residues are replaced by the corre-
sponding residues of GLUT3, is defective in transport between
endosomes and the syntaxin 16-positive perinuclear compart-
ment (28). Unlike wild-type GLUT4, this mutant is mainly
localized in endosomes. This localization pattern is induced by
the absence of the 12 residues of GLUT4, as the presence of
the 12 C-terminal residues of GLUT3 does not affect GLUT4
trafficking (17, 27).

The Leu-489,490 and Phe-5 motifs play a role in GLUT4
endocytosis. The retrovirus-based expression of these mole-
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cules allowed detailed quantitative analysis because most cells
(�90%) expressed the reporter molecule (Fig. 1B). Further-
more, there was a modest level of overexpression (Fig. 1C and
D), making it unlikely that GLUT4 localization was disturbed
due to saturation of the cellular trafficking machinery. Steady-
state labeling of unstimulated cells revealed a predominant
perinuclear GLUT4 localization in fibroblasts with low levels
of GLUT4 in small peripheral vesicles. GLUT4 Tail was more
concentrated in peripheral vesicles than wild-type GLUT4
when expressed in fibroblasts (Fig. 1E). This localization pat-
tern was induced by the absence of the acidic targeting motif
499EXEY502 (data not shown) and is in agreement with our
earlier findings that implicate these residues in the exit of
GLUT4 from an endosomal compartment (28). All GLUT4
molecules displayed a similar localization pattern in adipo-

cytes, mostly perinuclear and in numerous vesicles throughout
the cytoplasm.

Novel assay to study GLUT4 trafficking. To determine the
extent of insulin-induced GLUT4 translocation with the assay
described here, HA-GLUT4-expressing 3T3-L1 adipocytes
grown in 96-well plates were incubated for 2 h in the absence
of serum, after which 200 nM insulin was added at various time
points and the cell surface levels of HA-GLUT4 were analyzed
by indirect immunofluorescence labeling (Fig. 2B). Saturating
amounts of anti-HA and secondary antibodies were used to
ensure that all HA-GLUT4 molecules were labeled. A nonrel-
evant antibody was used at the same concentration to deter-
mine the nonspecific binding of the anti-HA antibody. Insulin
stimulated the appearance of HA-GLUT4 at the PM with a
half-time of about 2.5 min, reaching a plateau by 12 min which

FIG. 2. Analysis of insulin-induced GLUT4 translocation with a novel assay. Noninfected (A) or HA-GLUT4-expressing 3T3-L1 adipocytes
(B) were grown in 96-well plates and stimulated for the indicated periods with 200 nM insulin. After fixation, cells were incubated with or without
saponin to allow the labeling of all cellular GLUT4 (total) and PM-localized GLUT4 (PM), respectively. Subsequently, cells were incubated with
nonrelevant (NR) or anti-HA (HA) antibody and with Alexa 488-conjugated goat anti-mouse antibody, after which fluorescence was measured
with a fluorescence plate reader. (C) With the fluorescence values from panel B, anti-HA-specific labeling at the plasma membrane was expressed
as percentage of total anti-HA-specific labeling. (D) 3T3-L1 adipocytes were incubated for 20 min with insulin as indicated, in the absence or
presence of 100 nM wortmannin, and analyzed as described for panel C. Representative experiments are shown.
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was maintained for at least 60 min. No specific anti-HA label-
ing was detected in noninfected cells (Fig. 2A). Expressing the
amount of specific fluorescence at the PM as a percentage of
the total specific fluorescence revealed that insulin increased
the amount of GLUT4 at the PM from a basal value of 4% up
to 34% (Fig. 2C), and this effect was inhibited by wortmannin
(Fig. 2D).

Insulin-induced GLUT4 translocation in 3T3-L1 fibroblasts
and adipocytes. Insulin induced the translocation of wild-type
GLUT4 and each of the GLUT4 mutants to the PM in 3T3-L1
fibroblasts (Fig. 3). The maximum level of surface GLUT4 was
reached after 6 min of insulin stimulation, representing a five-
fold increase above that observed in nonstimulated cells, fol-
lowed by a rapid reduction. The PM level of the GLUT4 F5A
mutant was slightly higher than that of the other GLUT4
molecules in insulin-stimulated fibroblasts. In adipocytes, we
observed a �8-fold increase in cell surface GLUT4 levels in
response to insulin stimulation. Neither wild-type GLUT4 nor
any of the GLUT4 mutants showed an overshoot, as was ob-
served in fibroblasts. The GLUT4 Tail mutant showed trans-
location characteristics similar to those of wild-type GLUT4,
although cell surface levels in both the absence and presence of
insulin were increased by approximately 5%, in accordance
with previous studies (27). The PM levels of both the
L489,490A and F5A mutants were significantly higher than
those of wild-type GLUT4 in both the absence and presence of
insulin. The insulin-induced translocation of wild-type GLUT4
and GLUT4 Tail in fibroblasts and adipocytes was further

confirmed by immunofluorescence labeling (see Fig. S1 in the
supplemental material).

Analysis of GLUT4 internalization in 3T3-L1 adipocytes.
Wild-type GLUT4 molecules that were labeled with anti-HA
antibody on ice were rapidly cleared from the cell surface, as
indicated by the disappearance of GLUT4 at early time points
after transfer of the cells from ice to 37°C (Fig. 4). After
approximately 5 min, the amount of GLUT4 at the PM
reached steady state in the presence but not in the absence of
insulin, consistent with recycling of GLUT4 back to the PM in
insulin-stimulated cells. Our data indicated that after 2 min at
37°C, �50% of both wild-type GLUT4 and GLUT4 Tail had
disappeared from the PM. Importantly, this internalization
rate was unaffected by insulin, consistent with previous studies
(25). The internalization rates for the L489,490A and F5A
mutants were decreased by 30 and 45%, respectively.

Anti-HA antibody uptake by HA-GLUT4-expressing 3T3-L1
fibroblasts and adipocytes. To analyze the exchange of
GLUT4 with the cell surface under steady-state conditions,
studies were performed in which live cells were incubated with
anti-HA antibody at 37°C (Fig. 5). To ascertain that the anti-
HA antibody did not affect the intracellular trafficking of HA-
GLUT4, control experiments were performed in which insulin-
induced translocation of anti-HA-bound HA-GLUT4 was
studied. 3T3-L1 adipocytes expressing HA-tagged wild-type
GLUT4 were stimulated for 2 h with 200 nM insulin in the
presence of anti-HA antibody, washed extensively, incubated
for 2 h without insulin and anti-HA, and incubated for a fur-

FIG. 3. Insulin-induced GLUT4 translocation in 3T3-L1 fibroblasts and adipocytes. Fibroblasts and adipocytes expressing the indicated GLUT4
molecules were incubated with 200 nM insulin for up to 25 min, and the percentage of GLUT4 at the PM was determined as in Fig. 2.
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ther 20 min in the absence (Fig. 5C) or presence (Fig. 5D) of
200 nM insulin. The cells showed insulin-induced redistribu-
tion of anti-HA-bound HA-GLUT4 from intracellular com-
partments to the PM that was indistinguishable from the trans-
location of HA-GLUT4 that had not been labeled with
antibody (Fig. 5A and B), indicating that the anti-HA antibody
had no significant effect on GLUT4 trafficking.

For quantification of anti-HA antibody uptake, cells were
incubated for 20 min in the presence or absence of insulin,
after which anti-HA antibody or control antibody was added
for various times in the continued presence or absence of
insulin (Fig. 5E). Antibody uptake was determined by labeling
cells after fixation with a fluorescent secondary antibody and
was expressed as a percentage of postfixation anti-HA labeling
of permeabilized cells. Several novel observations were made
from these studies. First, there was a profound difference in
recycling kinetics for HA-GLUT4 between fibroblasts and adi-
pocytes in the absence of insulin. Whereas a significant portion
of the GLUT4 molecules recycled between intracellular com-
partments and the PM in nonstimulated fibroblasts (�50%
after 60 min), this was not the case in adipocytes, with only
�10% of the entire GLUT4 pool labeled after 3 h. Recycling
of HA-GLUT4 in the presence of insulin was similar for fibro-
blasts and adipocytes. Second, the recycling rate of HA-
GLUT4 Tail in nonstimulated adipocytes was significantly
higher than that observed for wild-type GLUT4. Third, both of
the internalization mutants showed a minor increase in basal

anti-HA uptake and no difference in uptake during insulin
stimulation compared with wild-type GLUT4. Finally, it was
noted that even with maximum insulin stimulation, a small but
significant pool of GLUT4 could not be labeled with antibody
at the PM. Control experiments indicated that this was not due
to our technique but implied that this GLUT4 pool simply did
not exchange with the cell surface under steady-state condi-
tions (see Fig. S2 in the supplemental material). The size of
this pool was similar for fibroblasts and adipocytes and for the
different GLUT4 mutants. Altogether, the results suggested
the presence of an intracellular pool of GLUT4 that was seg-
regated from the insulin-responsive pool.

The recycling kinetics of HA-GLUT4 was studied through-
out the adipocyte differentiation process (Fig. 6). In parallel,
antibody uptake was analyzed by immunofluorescence confo-
cal microscopy (Fig. 6, left panels) as well as endogenous
GLUT4 labeling and lipid droplet content in noninfected cells
(Fig. 6, right panels). There was a progressive decline in anti-
body uptake between days 0 and 4 of differentiation. Expres-
sion of endogenous GLUT4 and lipid droplet formation were
initially detected at day 3, when antibody uptake by nonstimu-
lated cells had already decreased by 85% (compared with
100% at day 4). The final reduction in basal anti-HA uptake,
between days 3 and 4, coincided with a massive growth of the
cells (Fig. 6, bottom right panels).

Insulin releases GLUT4 into a cell surface recycling path-
way. The extremely small amount of GLUT4 that cycles to the
cell surface in nonstimulated adipocytes suggests that we are
not dealing with a simple two-compartment system comprised
of endosomes and the PM, raising the possibility that our data
may be more consistent with a model in which insulin induces
the release of GLUT4 from an intracellular storage compart-
ment. This suggests that at submaximal insulin doses, only part
of the intracellular GLUT4 pool may be released into a cell
surface recycling system, as opposed to reduced trafficking
kinetics of the entire intracellular GLUT4 pool.

To test this, we performed recycling studies with different
doses of insulin (Fig. 7). These studies revealed that the size of
the recycling pool of GLUT4 was incrementally increased with
increasing doses of insulin. We observed similar results when
the cells were incubated with higher concentrations of anti-HA
antibody (not shown). It is highly unlikely that this incremental
effect simply reflected a slow time course of exchange of
GLUT4 with the recycling system at low insulin doses, as the
cells had been incubated with antibody for sufficient time to
label these pools to equilibrium (Fig. 7). This phenomenon was
evident for both wild-type GLUT4 and GLUT4 Tail, although
insulin had a less profound effect on GLUT4 Tail due to its
elevated levels in the recycling pathway in the basal state.
Measurement of cell surface levels of HA-GLUT4 at the dif-
ferent insulin doses revealed that the insulin dose-response
curves for translocation of both wild-type GLUT4 and GLUT4
Tail were identical despite major differences in their basal
recycling properties (Fig. 7B).

To rule out the possibility that this incremental effect of
insulin on the entry of GLUT4 into a cell surface recycling
system might reflect intrinsic differences in insulin sensitivity
between individual cells within the culture, we next examined
the dose-response relationship in antibody uptake in individual
cells by immunofluorescence microscopy. As indicated in Fig.

FIG. 4. Internalization kinetics of GLUT4 in 3T3-L1 adipocytes.
Adipocytes expressing the indicated GLUT4 molecules were incubated
for 20 min with 200 nM insulin at 37°C and for 1 h with anti-HA
antibody on ice. Excess antibody was washed away, and cells were
incubated for the indicated periods at 37°C in the presence of either
100 nM wortmannin, to measure GLUT4 internalization in the basal
state, or 200 nM insulin. Cells were exposed to fixative and incubated
with fluorescent secondary antibody in the absence of permeabilizing
agent to allow measurement of the time-dependent disappearance of
anti-HA-labeled GLUT4 from the cell surface.
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7C the response among different cells was highly homoge-
neous, such that at low doses of insulin, most cells exhibited a
low level of antibody uptake, and at higher doses, there was a
uniform rather than a heterogeneous increase in antibody up-
take.

DISCUSSION

In the present study, we describe a novel assay for studying
GLUT4 trafficking. This assay recapitulates many of the known
facets of insulin-responsive GLUT4 trafficking, including a ma-
jor effect of insulin on exocytosis with little if any effect on
GLUT4 endocytosis. In addition, we made several novel ob-
servations that provide new insight into the relationship be-
tween insulin action and endosomal trafficking. First, adipo-
cytes possess a highly efficient intracellular GLUT4
sequestration mechanism that does not operate efficiently in

preadipocytes (Fig. 5). This mechanism is sufficiently robust
that the majority of the intracellular GLUT4 pool does not
exchange with the PM in the absence of insulin. This suggests
that the recycling pool and the insulin-regulated pool operate
in a mutually exclusive manner under these conditions. The
entry of GLUT4 into the sequestered pool involves the acidic
targeting signal located within the cytosolic C terminus of
GLUT4, as disruption of this motif increases the amount of
GLUT4 in the PM recycling pathway under basal conditions.
Second, insulin induces the release of GLUT4 into a cell sur-
face recycling system in a graded insulin dose-dependent man-
ner. At low insulin doses, 10 to 20% of the entire GLUT4 pool
entered the cell surface recycling pathway, and at maximal
insulin doses, this was increased to 70%. Hence, this is consis-
tent with a model in which insulin induces the release of
GLUT4 into a cell surface recycling pathway in an incremental
dose-dependent manner. Third, despite a role for the 12 C-

FIG. 5. GLUT4 recycling in 3T3-L1 fibroblasts and adipocytes. HA-GLUT4-expressing adipocytes were incubated for 2 h with 200 nM insulin
and subsequently for 2 h without insulin and for 20 min in the absence (A) or presence (B) of 200 nM insulin. Parallel cultures were incubated
for 2 h with 200 nM insulin and anti-HA antibody, followed by a 2-h incubation without insulin and anti-HA and a 20-min incubation in the absence
(C) or presence (D) of 200 nM insulin. HA-GLUT4 (A and B) and anti-HA antibody (C and D) were visualized by immunolabeling and confocal
microscopy. Bar, 10 �m. (E) For quantitation of antibody uptake, fibroblasts and adipocytes expressing the indicated HA-GLUT4 molecules were
incubated with or without 200 nM insulin for 20 min, after which anti-HA antibody was added. Cells were incubated further for up to 180 min,
fixed, permeabilized, and incubated with fluorescent secondary antibody. The amount of anti-HA antibody taken up by the cells was expressed as
a percentage of total postfixation anti-HA labeling.
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terminal residues and the 5FQQI8 and 489LL490 motifs in sev-
eral aspects of GLUT4 trafficking, the main domain(s) within
GLUT4 that is involved in its acute insulin-induced cell surface
translocation remains to be established.

Intracellular sequestration of GLUT4. A striking observa-
tion made in this study is that in the absence of insulin, little of
the intracellular GLUT4 pool is in communication with the cell
surface under steady-state conditions. These data suggest that
a large pool must be stored or sequestered in such a way that
it never enters the recycling system. Otherwise we would have
expected a slow but continuous increase in the amount of
GLUT4 molecules that would be labeled with antibody. What
is the nature of this intracellular GLUT4 compartment? We
have previously shown that GLUT4 labeled at the cell surface
rapidly transits through endosomes to a perinuclear compart-
ment that also contains syntaxin 16 (28). It is likely that this

endosome-TGN cycle plays an important role in the intracel-
lular sequestration of GLUT4, because we show in the present
study that, in adipocytes, a GLUT4 mutant that is defective in
this endosome-TGN transport cycle (GLUT4 Tail) displays an
increased amount of GLUT4 in the cell surface recycling path-
way in the absence of insulin (Fig. 5). Moreover, when ex-
pressed in 3T3-L1 fibroblasts, �50% of GLUT4 enters the
surface recycling system in the absence of insulin, while these
cells show little overlap between GLUT4 and syntaxin 16 (data
not shown). Collectively, these data suggest that GLUT4 is
selectively transported from endosomes to a subdomain of the
TGN that contains syntaxin 16. This pathway is elaborated
upon adipocyte differentiation and plays a role in maintaining
low surface levels of GLUT4 in the absence of insulin. This is
consistent with previous modeling studies that show that, in
3T3-L1 fibroblasts, GLUT4 trafficking can be explained by a

FIG. 6. Analysis of GLUT4 recycling during the differentiation of 3T3-L1 fibroblasts into adipocytes. Cells were analyzed at different stages
during differentiation as indicated. After incubation for 18 h in medium containing fetal bovine serum and for 2 h in the absence of serum, the
cells were incubated in the continuous presence of anti-HA antibody as described for Fig. 5. Parallel cultures were incubated similarly but analyzed
by immunofluorescence confocal microscopy (left microscopy panels). Noninfected cells were analyzed for endogenous GLUT4 (green) and lipid
droplet content (red) during differentiation (right microscopy panels). The bottom right microscopy panels show a Z-section image of the cells.
White dotted lines mark the contours of the cells. Bar, 20 �m.
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two-compartment model in which GLUT4 is slowly recycled to
the PM, whereas in 3T3-L1 adipocytes, GLUT4 trafficking is
best described by a model composed of three compartments
(34).

This transition is clearly seen in Fig. 6, where we examined
the recycling kinetics of GLUT4 at different stages during
3T3-L1 adipocyte differentiation. In agreement with previous
studies by El-Jack and colleagues (6), we observed a progres-
sive reduction in basal GLUT4 recycling that was most efficient
at day 4 of differentiation. This time course paralleled the
increase in endogenous GLUT4 expression that occurred dur-
ing differentiation. Based on our findings, we suggest that an
important component of this transition is the development of
the endosome-to-TGN trafficking pathway. It is unlikely, how-

ever, that this pathway alone accounts for the very low amount
of GLUT4 in the cell surface recycling pathway in nonstimu-
lated adipocytes because the amount of GLUT4 Tail found in
this pathway is much less than that observed in nonstimulated
fibroblasts, while in both cell types Tail is not present in the
TGN. The nature of this additional sorting mechanism remains
to be established but may involve partitioning of wild-type
GLUT4 and GLUT4 Tail into a second insulin-responsive
storage compartment. As GLUT4 Tail is localized in endo-
somes (28) yet displays a robust insulin-induced translocation,
the second retention mechanism may be present within endo-
somes. Further study is required to resolve this question. In
accordance, other studies have suggested an endosomal
GLUT4 retention mechanism (13, 35). Possibly, the recently
discovered GLUT4 tethering protein TUG plays a role in this
process (2).

It is noteworthy that a recent study reported that the basal
recycling rate of GLUT4 in adipocytes was not as slow as that
reported in the present study and that eventually the entire
pool of GLUT4 equilibrated with the PM, with a half time of
4 h (12). We attempted to establish the basis for the difference
between the two studies, but so far we have not pinpointed the
reason for this controversy. However, in contrast to the present
study, McGraw and colleagues used a transient expression
system involving electroporation to introduce the relevant re-
porter into the mature adipocyte and used a single-cell immun-
ofluorescence-based assay to quantify trafficking kinetics. Re-
gardless, both studies indicate that, in basal adipocytes,
GLUT4 is recycling very slowly, emphasizing the importance of
establishing the nature of the intracellular storage compart-
ment.

Insulin-stimulated GLUT4 translocation. The exceedingly
small amount of GLUT4 that recycles to the PM in basal
adipocytes raises the intriguing possibility that insulin regulates
GLUT4 trafficking via a secretory or release mechanism rather
than by mobilizing the entire intracellular pool at discrete
kinetic rates. Perhaps the most definitive proof of this mech-
anism was the demonstration that, at different doses of insulin,
there was a progressive increase in the total amount of GLUT4
introduced into the cell surface recycling pathway rather than
simply a change in the rate of movement of a defined GLUT4
pool (Fig. 7A). A similar mechanism was also observed for
GLUT4 Tail, although the magnitude of this response was
restricted by the elevated basal recycling. In support of our
data, in 3T3-L1 adipocytes insulin increases the amount of
GLUT4-containing vesicles moving along microtubules rather
than increasing the speed of vesicle movement (26). This may
reflect insulin-induced enhancement of the interaction be-
tween the motor protein kinesin, known to play a role in
GLUT4 trafficking, and microtubules (9).

These observations are quite novel and raise a series of
questions concerning the mechanism of GLUT4 translocation.
Most importantly, where is GLUT4 recruited from in response
to insulin? It is unlikely that the TGN (sub)compartment alone
contributes to this response because GLUT4 Tail is excluded
from this trafficking pathway yet retains a robust acute insulin
response in adipocytes. Similarly, in 3T3-L1 fibroblasts, where
the endosome-TGN cycle does not appear to play a dominant
role in GLUT4 trafficking, we (Fig. 3) and others (3, 13) have
observed robust insulin-dependent movement of GLUT4 to

FIG. 7. Correlation between insulin concentration and the size of
the recycling GLUT4 pool in 3T3-L1 adipocytes. (A) 3T3-L1 adipo-
cytes expressing HA-tagged wild-type GLUT4 and HA-GLUT4 Tail
were incubated at 37°C with anti-HA antibody and the indicated con-
centrations of insulin and analyzed as described. (B) 3T3-L1 adipo-
cytes expressing HA-tagged wild-type GLUT4 and GLUT4 Tail were
incubated for 20 min at 37°C with 0.032, 0.24, 3.2, or 200 nM insulin,
and the amounts of GLUT4 at the PM were determined and expressed
as a percentage of maximal insulin-induced GLUT4 translocation.
(C) HA-GLUT4-expressing 3T3-L1 adipocytes were incubated for 3 h
with anti-HA antibody and the indicated concentrations of insulin.
Cells were fixed, permeabilized, incubated with fluorescent secondary
antibody, and analyzed by confocal immunofluorescence microscopy.
Bar, 20 �m.
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the PM. However, it has also been reported that 3T3-L1 fibro-
blasts are not insulin responsive (8, 24). There are several
explanations for this controversy. First, 3T3-L1 fibroblasts be-
come more insulin responsive upon reaching confluence (32).
In preconfluent and confluent 3T3-L1 fibroblasts, insulin in-
creases the cell surface levels of GLUT4 by 70 and 270%,
respectively (13, 35). In accordance, we used confluent fibro-
blasts throughout our studies. Second, the overshoot phenom-
enon originally described by Bogan and colleagues (3) and
shown in Fig. 3 implies that many investigators may have over-
looked the transient peak in cell surface GLUT4 levels after
insulin stimulation, as most studies rely on single-endpoint
measurements. Regardless, not all cells seem to exhibit an
insulin-responsive GLUT4 translocation system, as exempli-
fied by recent experiments in C2C12 cells (31).

Another reason to believe that the TGN (sub)compartment
is unlikely to be the sole contributor of insulin-responsive
GLUT4 is that quantitative immunoelectron microscopy has
indicated that insulin causes a major decrease in GLUT4 la-
beling in adipocytes in a population of cytosolic vesicles rather
than in the perinuclear compartment (20, 23). These vesicles
appeared to be devoid of a variety of markers for generic
compartments, suggesting that they represent a unique popu-
lation of secretory membranes. The question is whether these
vesicles are the sole determinant of the insulin-stimulated
translocation pathway or whether there multiple insulin-de-
pendent routes to the cell surface. We are currently trying to
address this question by studying the trafficking of GLUT4 Tail
in adipocytes and that of GLUT4 in fibroblasts. Intriguingly, in
CHO cells, GLUT4 and transferrin receptor are packaged into
separate vesicles en route to the PM (14), suggesting that these
unique secretory vesicles may exist in fibroblasts.

Intriguingly, we observed that not all of the cellular GLUT4
(�30%) participates in insulin-induced trafficking to the cell
surface. Of note, the size of this pool was similar for GLUT4
and GLUT4 Tail in adipocytes as well as for GLUT4 when
expressed in fibroblasts (Fig. 5). Thus, it is tempting to spec-
ulate that this pool may be related to the insulin-responsive
compartment, as this is common to both of these situations. A
similar phenomenon has been described for the asialoglyco-
protein receptor, whereby only 70% could be labeled with
ligand under steady-state conditions (30). One possibility is
that these latent pools may be related to the age of the mole-
cules in the cell. It has recently been shown that younger
populations of secretory granules in neuroendocrine cells are
preferentially secreted in response to stimulation compared to
older granules (5). Perhaps GLUT4 that is present in the latent
pool represents molecules that were synthesized early in the
life of the cell, whereas newer molecules may preferentially
undergo insulin-dependent exocytosis. If GLUT4 is distributed
in this manner, it is fortuitous that we used a system in which
the HA-GLUT4 reporter was present in the 3T3-L1 cells for
more than 10 days, allowing it to equilibrate with endogenous
GLUT4 within this latent pool.

In summary, the present study demonstrates that the con-
stitutive trafficking of GLUT4 to the PM is largely reduced
during the differentiation of 3T3-L1 fibroblasts into adipocytes.
In adipocytes, insulin causes a dose-dependent release of
GLUT4 into the recycling pathway, leading to dose-dependent
increases in cell surface GLUT4 levels. The released GLUT4

molecules do not mix with the non-insulin-responsive GLUT4
pool during recycling, indicating the existence of distinct,
slowly communicating pools of GLUT4 within the adipocyte. A
major aim will now be to dissect the intracellular GLUT4
sequestration machinery. Unraveling this machinery will bring
us closer to an understanding of insulin action and to the
management of type 2 diabetes.
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